Fundamental biological processes such as morphogenesis and wound healing involve the closure of epithelial gaps. Epithelial gap closure is commonly attributed either to the purse-string contraction of an intercellular actomyosin cable or to active cell migration, but the relative contribution of these two mechanisms remains unknown. Here we present a model experiment to systematically study epithelial closure in the absence of cell injury. We developed a pillar stencil approach to create well-defined gaps in terms of size and shape within an epithelial cell monolayer. Upon pillar removal, cells actively respond to the newly accessible free space by extending lamellipodia and migrating into the gap. The decrease of gap area over time is strikingly linear and shows two different regimes depending on the size of the gap. In large gaps, closure is dominated by lamellipodium-mediated cell migration. By contrast, closure of gaps smaller than 20 μm was affected by cell density and progressed independently of Rac, myosin light chain kinase, and Rho kinase, suggesting a passive physical mechanism. By changing the shape of the gap, we observed that lowcurvature areas favored the appearance of lamellipodia, promoting faster closure. Altogether, our results reveal that the closure of epithelial gaps in the absence of cell injury is governed by the collective migration of cells through the activation of lamellipodium protrusion. 
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A wide variety of processes in health and disease involve the formation and closure of epithelial gaps. In embryos, naturally occurring gaps appear at different stages of development as a consequence of morphogenetic movements (1) . A paradigmatic example is the well-studied process of dorsal closure in Drosophila, whereby epithelial sheets migrate over the amnioserosa cell layer to seal an eye-shaped opening (2) . In adults, gaps in epithelial barriers result from dynamic tissue homeostasis, as clearly illustrated by epithelial turnover in the intestine (3) . Moreover, epithelial gaps are commonly formed during trauma and chronic inflammatory diseases in which the epithelium is injured and often completely denuded. A rapid healing of these gaps is crucial to restore a functional epithelium and to prevent further damage.
Because of the importance of the maintenance of epithelial functions and homeostasis, many efforts have been devoted to study gap closure, and two distinct mechanisms have emerged (4) (5) (6) (7) . One mechanism is based on the assembly and contraction of a multicellular acto-myosin belt lining the gap (known as purse-string) (8) , which is controlled by RhoA and its direct regulators Rho kinase (ROCK) and myosin light chain kinase (MLCK) (9) . With a purse-string closure, the driving force is thus provided by the contraction of the actomyosin cable around the wound (10, 11) . The second mechanism is based on cell migration mediated by lamellipodial protrusion, which is mostly regulated by Rac1 GTPase (9) . In such cases, the mechanics of the process seem less clear because the driving mechanism could be the pressure exerted by surrounding cells, the pulling force from leader cells, or both (6, 7, 12) .
The intricacy of the process and its regulation by the complex family of Rho-GTPases has promoted the appearance of many studies providing opposing roles for the different regulators (5, 13, 14) . Cell-cell junctions play also an important role in the process, because it has been suggested that the purse-string is anchored at adherens junctions (15) or at tight junctions (16) . Ample evidence now supports each of these two mechanisms, but their relative contribution to gap closure remains uncertain.
The controversy is also fostered by the variability in the experimental conditions used to create the gaps. The most commonly used methods to create gaps within cell monolayers are either the classic scratch wound assay, in which a strip of cells is mechanically removed with a pipette tip or a razor blade (17) , or laser ablation, in which single cells are destroyed by a laser pulse (5) . Both techniques are difficult to standardize because the final size and shape of the gap depend either on the shape and velocity of the scratching utensil or on the power and focal plane of the laser. Moreover, damage of cells during the process of wound production releases a complex and poorly characterized mixture of signaling molecules, death factors, and cell debris that influence the mechanisms of closure (18, 19) .
How the actomyosin cable and/or lamellipodial protrusions are activated during epithelial gap closure is unclear but may involve secretion of soluble factors and/or mechanical tension. Up to now, most of the literature is based on the study of wound closure, whereby wounds are created by an aggressive method that releases a complex and unknown mixture of debris and death factors (20, 21) . The central question of epithelial gap closure is thus still controversial and has not been addressed using well-defined physical and geometrical conditions. To overcome these limitations, we present a unique strategy to induce well-defined gaps within an epithelial monolayer and monitor the dynamics of epithelial gap closure in the absence of cell injury.
Results and Discussion
Dynamics of Epithelial Closure After Pillar Removal. By using a stencil of poly-dimethylsiloxane (PDMS) micropillars (Fig. 1) , we could obtain many gaps of well-defined size and shape ( Fig. 1 G-I and Table S1 ). The size and shape of the pillars were varied to obtain circular pillars of different diameters, ranging from 15 to 150 μm, and squared and ellipsoidal pillars of two different sizes ( Fig. 1 D, H, and I) . The PDMS pillars are coated with a nonadhesive polymer to prevent cell attachment and are surrounded by cells. In such a way, there are no specific adhesions between the pillars and the bordering cells, the pillar being a mere blocking object ( Fig. S1 A and B) . Madin-Darby canine kidney (MDCK) cells are cultured in between the pillars for 15 ± 3 h. Upon careful removal of the PDMS pillar, a gap is created within the monolayer, without tearing the bordering cells (Fig. 1 E, G , J, and K). Additionally, we performed scratch-induced gaps either by the removal of pillars on which cells were able to adhere (resulting in "ripped" gaps) or by pushing pillars against a preformed epithelial monolayer to kill the cells underneath (resulting in "crushed" gaps) (more details in SI Materials and Methods), to compare our model experiment with more classic scratch assays. We assessed cell damage by using FITC-dextran (22) as well as propidium iodide internalization by damaged cells. Both tests ascertained the absence of damage in our pillar removal assay, whereas they revealed cell damage in the case of ripped and crushed gaps and in the classic scratch assay ( Fig. 1 J and K and Fig. S2 A and B) . Thus, our methodology prevents the damage of cells surrounding the pillar after removal, as opposed to what is observed during classic scratch assays.
We first analyzed the dynamics of epithelial gap closure after removal of circular pillars of different diameters. Video microscopy experiments upon pillar stencil removal revealed that cells lining the gap extended lamellipodia throughout the process of closure ( Fig. 2A and Movie S1). The borders of the gap roughened considerably after the removal of the pillar, indicating the extension of cellular protrusions into the available free space. We quantitatively analyzed the variations of the contour length by measuring the shape factor, α ¼ 2 R A p , which is the ratio of the area A over the contour length of the interface p normalized by half the instantaneous radius R. For a very rough interface, α ∼ 0, whereas α ∼ 1 for a perfectly circular hole. We indeed observed a decrease of this parameter α with time from 1 (at t = 0) down to approximately 0.6 as the boundary became irregular owing to the emergence of lamellipodium surrounding the gap (Fig. 2B) . According to previous studies, it was suggested that purse-string contraction repaired small epithelial wounds (4, 5) , whereas larger wounds induced also cell crawling with formation of lamellipodia (6, 7, 23) . Surprisingly, the presence of lamellipodia was observed for all gap sizes tested from 15 up to 150 μm (Movies S1 and S2). The formation of lamellipodia started shortly after the release of the PDMS pillar (during the first 10 min) and were present until there was no more available space, at which point opposing or contiguous lamellipodia contacted and fused. In small gaps (15-30 μm), all cells contacting the gap extended lamellipodia. For larger gaps, the number of cells at the gap border increased, and not all of these cells extended lamellipodia (Movie S2). Despite the presence of lamellipodia, the closure of gap was roughly isotropic, implying there was not the so-called fingering activity (24) . We then sought to analyze the time evolution of the gap area, A(t), during epithelial closure. In all conditions tested, the decrease of the area with time was strikingly linear with time down to a complete closure ( t), we computed the initial radial velocity (which represents the velocity at the onset of closure) as a function of the gap size and was found to be roughly constant (0.3 μm/min) for areas up to 750 μm 2 and then slightly decreased for larger gaps (Fig. 2E) . Consistently, the advancement velocities of the protruding lamellipodia were found to be approximately 0.3 μm/min during the initial stage of lamellipodia formation (computed from the kymographs like Fig. S3B) . Similarly, the cell body advancement displayed the same velocity at the onset of gap closure. Altogether, these results showed that the lamellipodium extension governed the kinetics of the mechanism of gap closure and suggested the possibility of a size-dependent mechanism in the dynamics of gap closure. As a comparison, we observed that the dynamics of damage-associated gaps exhibited broader distributions due to variable initial conditions and followed exponential decay laws as a function of time (Fig. S2C ). This indicates that the presence of damaged cells or debris strongly altered the dynamics of epithelial gap closure. Interestingly, the closure dynamics of these "wounds" are consistent with reported data on embryonic wound healing and adult epithelial wound closure (15, 25) .
To rule out an effect of differential extracellular matrix assembly that could provide directional cues to govern cell migration, we checked the status of the extracellular matrix (ECM) organization and secretion during our experiments (Fig. S4) . Fibronectin was deposited on the substrate beneath the cells and the pillars. After removing the pillar, fibronectin was not affected, and cells migrated over this fibronectin substrate (Fig. S4 A-D). Moreover, the staining of the overall fibronectin due to the coating and cell secretion did not exhibit any specific pattern (Fig. S4E) . Laminin was absent in the gap area but present in the cells as a synthetized protein, not structured in basal lamina yet (Fig. S4G ). Throughout all of the experiments, because there was a fibronectin-based ECM roughly distributed everywhere onto the substrate, our observations could not be attributed to ECM remodeling underneath the monolayer as a driving mechanism.
We then analyzed the influence of cell culture density on the progression of closure. MDCK cells are epithelial cells that can undergo epithelial-to-mesenchymal transition (26) . One could argue, therefore, that before pillar removal cells are already in a promigratory mesenchymal-like state, thus the protrusion of lamellipodia and active cell migration observed would not be a de novo response triggered by the sudden availability of free space. To rule out this possibility, we tested different cell packing densities, ranging from highly spread and flattened cells to the maximal density of cells within the culture, always after confluence was reached ( Fig. S5 and Table S2 ). For large gaps (30-and 60-μm diameters), cell density had no impact either on the closure time or on protrusive activity (Fig. 2F ). In addition, this result confirmed that the closure mechanism was not triggered by a possible release of the internal pressure within the epithelial cell sheet after the removal of the pillar but instead by the lamellipodium extension. However, for the smallest gaps, there was a decrease in the closure time as packing density increased, further suggesting that distinct mechanisms govern the closure of small vs. large gaps.
Force Generation on Stiff Substrates Induces Epithelial Gap Closure by Lamellipodium Activation. To verify that the activation of lamellipodium formation could be the driving force of cell migration into the gap, we tested the effects of the substrate rigidity on the dynamics of epithelial gap closure. Substrate stiffness is known to activate cell migration, to increase cell spreading and traction forces (27) , and to govern lamellipodium dynamics (28) . We observed MDCK cell migration after pillar removal on a PDMS substrate whose stiffness was tuned by changing the percentage of the reticulating agent (to 1:25, 1:40, and 1:60 PDMS cross-linker:base ratio; SI Materials and Methods), and we verified that the ECM coating was not affected within such a range of rigidities (Fig. S4F) . Experiments performed on PDMS substrates of Young's modulus equivalent to glass (at 1:10, Young's modulus is 0.5-2 MPa) showed no differences either in dynamics or in closure time with respect to control experiments. As the stiffness decreased, we observed a drastic decrease of the migration speed of the cells into the gap (a 2.7-fold increase in closure time of 20-μm gaps and 1.9-fold in 50-μm gaps) (Fig. 2G) . Furthermore, softer substrates (1:40 and 1:60) prevented the final closure of the gap even after 300 min, as well as the formation of lamellipodial protrusions (Movie S3). Therefore, stiff substrates were needed to generate the activation of the lamellipodium around the gap and stabilize it. Because cells are probing substrate stiffness by applying contractile forces (27, 29) , it seems that the pulling force induced by leading cells that exhibited lamellipodial protrusions is a key player in our experimental model of epithelial closure.
Universal Mechanism Drives Closure of Small Gaps. Because the movement of epithelial cell sheets during wound closure could exhibit a purse-string mechanism, lamellipodium-based crawling, or both mechanisms simultaneously or at different stages (8, 23), we explored their relative contribution in our model experiment of epithelial gap closure. We tested the role of lamellipodial protrusion by inhibiting Rac1 and the role of the contractile machinery by inhibiting ROCK, MLCK, and myosin phosphorylation (Fig. S6) . For each of these treatments and cell lines, we G F dp 50 m dp 20 m measured the closure time as a function of the initial gap size. First, we observed that the closure time for small gaps (≤20 μm) was insensitive to all of the pharmacological treatments mentioned above for the inhibition of Rac or Rho pathways (Fig.  3A) , further suggesting that a mechanism independent of the proposed regulators could induce the gap closure in such cases. According to the experimental results, two regimes emerged, depending on gap size. For small gaps (≤20 μm), we observed different dynamics and dependency of the closure time as a function of the gap size compared with the ones observed for larger gaps (Figs. 2C and 3A) . This strikingly universal behavior is suggestive of a mechanism of purely physical origin. One such mechanism could be cell spreading based on an unspecific mechanical balance between cell-substrate adhesion and cortical tension (30) . This mechanism has been shown to produce a linear dependence of spreading area with time. Moreover, it is consistent with a decrease of closure time with higher cell density because denser cells are more columnar and thus offer larger lateral area for cell spreading (Fig. 2F and Fig. S5 ).
Cell Crawling Drives the Closure of Large Gaps. By contrast, the closure time of large gaps (>20 μm) was not universal. Surprisingly, inhibition of either MLCK or ROCK had no significant effect in gap closure progression ( Fig. 3A and Movies S4 and S5). RhoA has been described as an activator of myosin contraction required for purse-string closure, which is in turn regulated by MLCK and ROCK (9) . Our findings thus suggest that the closure of large gaps is not driven by purse-string contraction. To ascertain this possibility in our closure model, we investigated actomyosin distribution at the gap edge. The presence per se of PDMS pillars for gap patterning did not trigger actin accumulation at the pillar periphery (Fig. S7 A and B) . However, phalloidin staining immediately after pillar removal showed that actin accumulated in a continuous supracellular cable-like structure at the margins of the gap (Fig. S7 C and D) . This surrounding actin cable was then disrupted as closure proceeded: the discontinuity of the actin cable was concomitant to the formation of cell protrusions, such as the extension of multiple lamellipodia into the gaps (Fig. 3 B and C) . Moreover, according to confocal images in the x-z and y-z planes, it appeared that areas of actin accumulation localized at the lateral surface of cuboidal cells, whereas lamellipodial extension induced a flattening of the monolayer with a more diffuse and homogeneous actin distribution ( Fig. S7 E and F) . Staining of phospho-MLC as a marker for contractile myosin showed that active myosin colocalized with the actin cable immediately after pillar removal. However, as closure progressed, myosin in the cable accumulated only at the margins of major actin clustering (Fig. 3C) . Previous results suggested that apoptotic cells release signals that favor the assembly of a continuous actomyosin cable all around the dying cell to promote the extrusion of the cell from the monolayer (31). Our findings showed that only an incomplete acto-myosin ring could form in the absence of cell injury. This suggests that death factors are required to develop a functional multicellular actomyosin cable.
In contrast to the inhibition of RhoA, the inhibition of Rac1 drastically slowed down the closure process of large gaps. Rac1 inhibition precluded the extension of lamellipodia and maintained a strong circularity of the gaps throughout closure (Fig. 2B and Movie S6). The larger the gaps, the more affected the closure was by Rac1 inhibition (Fig. 3D) . Interestingly, Rac inhibition did not have such a slowing-down effect in damageassociated gaps, which progressed similarly to noninhibited damaged gaps (Fig. S2D ) Taken together, our findings demonstrate a dominant role of cell crawling over purse-string closure in the absence of cell damage. This observation supports a recently proposed theoretical mechanical model for wound closure, in which crawling cells can close wounds without pursestring signaling, only because of their directed mechanical activity (32) .
Influence of the Geometry of the Gaps. Because epithelial gap closure occurs in various geometrical conditions in vitro as well as in vivo, we studied the influence of curvature and shape of the gap on the closure process. We fabricated squared and ellipsoidal-like pillars (hereafter referred as ellipsoidal pillars) of two different sizes (Fig. 4A) . Cells distributed randomly along the gap perimeter, with no preferential alignment of cells in areas of different curvature (Fig. S1 F-K) . Live-cell microscopy showed that, regardless of the shape of the gaps, cells extended lamellipodia throughout closure (Fig. 4C and Movies S7 and S8) and that these lamellipodia were preferentially protruded along the edges with the lowest curvature. We then analyzed the closure time of squared and ellipsoidal gaps relative to circular ones. Except in the case of the smallest square analyzed, gaps of ellipsoidal and squared shape closed systematically faster than circular ones (Fig. 4B) . This faster response might be due to the enhancement of lamellipodial activity in regions of low curvature. A physical model had previously reported that epithelial cells can sense and respond to different global geometric conditions by detecting the curvature of the epithelial edge at a multicellular level (33) .
Much as in the case of circular gap experiments, actin and phospho-myosin accumulated preferentially at areas in which lamellipodia did not protrude, thus a supracellular cable was not continuous (Fig. 4 D-F) . Hence, these results indicate that the behavior observed in the closure of circular gaps applies also to different gap geometries. This result is in good agreement with previous studies showing that large wounds (i.e., lower curvature) are preferentially Rac-dependent, whereas small ones (i.e., larger curvature) exhibit a purse-string mechanism (5, 6).
Collective Cell Movements by Cell-Cell Junctions and Myosin Action
Provide Directional Clues. To further characterize cell rearrangements during gap closure, we analyzed the cells' shape and dynamics along the process. We tracked the trajectories of cells during closure (Fig. S8 A and B) . The first row of cells experienced directed motion toward the center of the gap and moved 98% ± 20% of the gap initial radius (Fig. S8 A, B , and H). Cells behind the leading edge showed progressively smaller and less persistent displacements (55% for the second row, 16% for outer cells). This result indicates that gap closure was mainly due to an active and directed process governed by cells at the leading edge and triggered by the presence of the free space, as previously described in the context of collective cell migration (7, 34) . Cells at the gap edge elongated along the direction of migration as closure progressed (Fig. S8G) and acquired a wedge-like morphology (Fig. 1F) , further confirmed by the elongation of cell nuclei as an indicator of the cell polarization (Fig. S8J) . At the closure time point, cells typically formed a rosette-like structure (Fig. 1F and Fig. S4E ) that would be later dissolved through epithelial remodeling. Interestingly, this rosette-like structure has been observed in various situations related to the closure of gaps (8) , apoptotic cell extrusion (31), cell delamination (35) , embryonic healing (36) , and in vitro wound healing (5) .
To further understand the role of cell-cell communications in the gap closure process, we used an α-catenin knock-down MDCK cell line. As shown by Benjamin et al. (37) , α-catenin knock-down MDCK cells display increased membrane dynamics together with higher migration rates but exhibit a lack of cadherin-mediated cell-cell adhesion. These cells, given that they do not form proper adherens junctions, could not support the formation of continuous multicellular cable surrounding the gap (15, 25) as well as a collective behavior mediated by cell-cell interactions. In our experimental model, they migrated independently of their position with respect to the gap edge, in an uncoordinated manner toward the gap center (Fig. S8 C and D and Movie S9). Thus, they displaced greater distances than WT MDCK cells owing to their lack of coordination (Fig. S8H ). Gaps were still closed at a rate comparable to the WT MDCK cells (Fig. S8I ). These findings demonstrate that gap closure can be accomplished without adherens junctions.
Although the absence of a continuous supracellular acto-myosin ring did not affect the closure kinetics, direct inhibition of myosin phosphorylation by blebbistatin caused a 1.7-fold increase in the closure time of large gaps (namely of 50 μm in diameter) (Fig. S8I ). This observation suggests that myosin may contribute to gap closure through a mechanism that is independent of purse-string contraction. Cells treated with blebbistatin extended very broad lamellipodia with considerable ruffling activity (Movie S10). Compared with controls, cells moved longer distances, but their paths were not directed toward the center of the gap (Fig. S8 E and F) . Moreover, the displacement magnitude was greater (approximately 150% displacement of the initial radius) and independent of the distance from the gap edge (Fig. S8H) . Thus, the closure under blebbistatin treatment was achieved in an uncoordinated manner, resulting in a delay in the time of closure (Fig. S8I ). Myosin IIA silencing or inhibition has previously been shown to cause increased membrane ruffling and migration speed in numerous cell types (38) . Our findings show that this phenotype is not restricted to the single-cell level and suggest that the role of myosin IIA is not to drive collective cell motion but to guide it.
Conclusions
We have presented a unique approach to study gap closure in uninjured epithelia under well-defined experimental conditions. This provides a model for naturally occurring gaps in development, avoiding possible effects of cell death in gap closure. Such model experiments are also useful to discriminate between the different mechanisms proposed for epithelial gap closure (5, 6, 23) . By using a microfabricated stencil with an array of pillars, gaps of precise size and shape can be patterned in parallel in an epithelial cell culture. Upon pillar removal, cells actively respond to the free space by extending lamellipodia and crawling into the gap.
Interestingly, small gaps (≤20 μm) show no response to the inhibition of myosin filament assembly or myosin contraction. Moreover, closure of such small areas is dependent on the cell density of the epithelium, because small gaps close faster in highly packed cultures. This evidence indicates that small gaps are closed by unspecific cell spreading. For gaps larger than 20 μm, the closure process is not altered when regulators of the purse-string contraction are inhibited, whereas disturbance of lamellipodial extension causes a drastic delay in closure. In addition, the intercellular actomyosin belt is lost during progression of closure, thus pointing out a pivotal role of cell crawling in the closure response.
To date, the cell crawling-mediated response has been mostly referred to wounds that could be considered infinitely large (6, 7, 39) . We show here that even small gaps (of dozens of micrometers in diameter) are closed by means of lamellipodial extension. The mere presence of free space has been proposed as the triggering mechanism for this response (7, 34) .
In classic scratch-wound experiments, the purse-string mechanism has been found responsible for the closure of the wound. Purse-string has also been proposed for accounting for the extrusion of apoptotic cells (31) , a process clearly related to death signaling, whereby the actomyosin cable formation is triggered through a caspase-mediated pathway (40) . Thus, evidence suggests that cell damage inflicted during the process of wound production is promoting the purse-string mechanism by affecting the neighboring cells. In concordance with this hypothesis, we show here that in the absence of cell damage, purse-string is not the dominant mechanism, but the closure is mediated by a lamellipodial-driven crawling mechanism. In our model, the role of a supracellular actin belt is related to the coordination of the migrating cells toward the center of the gap, ensuring the proper directionality and persistence of their migration.
Interestingly, our results suggest that cells extending lamellipodia act as leader cells to close the gap. Indeed, it is known that protrusive lamellipodia are related to the mechanical probing of the substrate. On soft substrates, either we did not observe the formation of lamellipodia or they appear smaller and shorter in time. As a result, cells could not close the gap. The closure mechanism is thus associated with stabilization of protruding lamellipodia that help to generate stronger forces at the leading edge (28, 41) . Finally, we show that squared and ellipsoidal gaps are closed faster than circular ones. Low curvature areas promote the protrusion of broad lamellipodia, but a continuous pursestring is not formed in square nor ellipsoidal gaps. Therefore, closure of noncircular epithelial gaps also seems to be primarily driven by lamellipodial-mediated cell crawling.
Materials and Methods
PDMS micropillars of different sizes and shapes were fabricated as previously described (41). Micropillar stencils were stuck to fibronectin-coated glass-bottom dishes. MDCK cells were plated and allowed to grow between the pillars until confluence. Gap closure was monitored with livecell microscopy upon peeling off of the stencil, and image analysis was performed in ImageJ. Further details on the fabrication of substrates, inhibitors treatments, and immunofluorescence microscopy are found in SI Materials and Methods.
